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cies	 distribution	 models	 for	 five	 high‐elevation	 species	 (Ceanothus fendleri,	 Pinus 
strobiformis,	Quercus gambelii,	Sciurus aberti,	and	Synuchus dubius).	The	resulting	mod‐
els	were	 projected	 under	multiple	 climate	 change	 scenarios—four	 greenhouse	 gas	
concentration	trajectories	(RCP	2.6,	4.5,	6.0,	and	8.5)	for	each	of	three	climate	mod‐













K E Y W O R D S
biodiversity	hotspot,	climate	change,	Madrean	Sky	Island	Archipelago,	montane	habitat,	
species	distribution	modelling,	stepping	stones
1626  |     YANAHAN ANd MOORE
1  | INTRODUC TION
Human	influences	on	Earth's	climate	system	are	unequivocal.	Mean	
annual	 global	 surface	 temperatures	 increased	 ~0.85°C	 from	 1880	
to	2012	and	are	expected	 to	 rise	by	an	additional	1–4°C	by	2100;	
greater	contrasts	in	annual	mean	precipitation	between	dry	and	wet	

























and	 lower	elevations)	of	 their	 ranges	 (Wiens,	2016).	This	 trend	will	
inevitably	 continue	 as	 projected	 rates	of	 future	 climate	 change	 are	
expected	to	outpace	species’	ability	to	adapt	(Jezkova	&	Wiens,	2016).








One	 such	 region	 that	 is	 at	 risk	 of	 having	 the	 availability	 of	 its	
high‐elevation	 climates	 disappear	 under	 future	 climate	 change	 is	
the	Madrean	 Sky	 Island	 Archipelago	 (Madrean	 Archipelago)	 of	 the	
south‐western	United	States	and	north‐western	Mexico.	Recognized	






Marshall,	 1957;	 Shreve,	 1922),	 which	 include	 desert	 scrub,	 desert	
grassland,	oak‐grassland,	oak	woodland,	chaparral,	and—if	elevations	

























Future	 climate	 change	 is	 expected	 to	 impact	 the	 Madrean	














populations	 can	become	established	 (MacArthur	&	Wilson,	 1967).	
Additionally,	 increased	“island”	isolation	may	prevent	the	“stepping	
stones”	 of	 the	 Madrean	 Archipelago	 from	 connecting	 the	 Rocky	
Mountains	and	Sierra	Madre	Occidental,	functionally	widening	the	
Cordilleran	Gap	between	the	two	mountain	systems.
Here,	 we	 evaluate	 the	 effect	 of	 future	 climate	 change	 on	 the	
spatial	 distribution	 of	 high‐elevation	 climates	 across	 the	 Madrean	
Archipelago.	More	 specifically,	 we	 are	 interested	 in	 those	 climates	
that	are	suitable	for	species	that	occupy	the	uppermost	biomes	(i.e.,	
pine	 forest	 and	 mixed	 conifer	 forest)	 exclusively.	 We	 will	 refer	 to	
those	 uppermost	 biomes	 collectively	 as	 the	 “montane”	 biome.	We	
selected	 five	 species	 (three	 plants,	 one	 insect,	 and	 one	 mammal)	
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that	are	 representative	of	 the	montane	biome;	within	 the	Madrean	
Archipelago,	they	only	occur	at	high	elevations.	For	each	species,	we	
performed	species	distribution	modelling	to	approximate	the	current	











The	 study	 area	 (Figure	 1)	 is	 bounded	 by	 29–34°N	 latitude	 and	
107–112°W	 longitude	and	encompasses	 the	 roughly	230,000	km2 
Madrean	Archipelago	 region	 of	 the	 south‐west	United	 States	 and	




2.2 | Montane biome distribution modelling
To	 approximate	 the	 current	 spatial	 distribution	 of	 the	 montane	
biome	 across	 the	 Madrean	 Archipelago	 region	 and	 estimate	 the	









We	obtained	bioclimatic	 variables	which	 had	been	derived	 from	
WorldClim	v.	1.4	climate	data	(http://www.world	clim.org)	at	a	30	
arc‐second	spatial	resolution	(~1	km;	Table	1).	WorldClim	climate	






ern	United	 States;	Daly	 et	 al.,	 2008).	 PRISM	 (http://prism.orego	
nstate.edu/)	 is	 an	 alternative	 climate	 dataset	 that	 outperforms	
WorldClim	 in	mountainous	 regions	 (Daly	 et	 al.,	 2008).	However,	
its	spatial	extent	is	limited	to	the	United	States.	Because	our	study	








We	 selected	 three	 climate	 models	 that	 were	 developed	 for	 the	
Coupled	Model	 Intercomparison	Project,	 phase	5	 (CMIP5;	 Taylor,	
Stouffer,	&	Meehl,	2012):	the	Community	Climate	System	Model	v.	
4	(CCSM4;	Gent	et	al.,	2011),	the	Max	Planck	Institute	Earth	System	
Model,	 low	 resolution	 (MPI‐ESM‐LR;	 Giorgetta	 et	 al.,	 2013),	 and	





F I G U R E  1  Map	of	the	south‐west	United	States	and	north‐west	
Mexico.	Species	distribution	models	for	Ceanothus fendleri,	Pinus 
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America's	 climate	 (temperature	and	precipitation)	 for	both	winter	
(December,	 January,	 February)	 and	 summer	 (June,	 July,	 August)	
with	the	greatest	accuracy	(Sheffield	et	al.,	2013).





models	were	projected	under	a	 set	of	 four	 representative	concen‐
tration	pathways	(RCPs;	Moss	et	al.,	2010;	Van	Vuuren	et	al.,	2011).	
The	RCPs	are	greenhouse	gas	concentration	trajectories	that	sum‐







precipitation	 and	 temperature	 (minimum	 and	 maximum)	 values	
(Nix,	1986).	They	collectively	capture	both	annual	conditions	and	
intra‐year	 seasonality—broad	environmental	 trends	 that	 are	bio‐
logically	meaningful	to	the	physiological	constraints	of	a	species.	
However,	 there	 is	 the	 potential	 for	 there	 to	 be	multicollinearity	





in grass gis	 v.	 7.6	 (GRASS	Development	 Team,	 2019).	We	 evalu‐










Species	 locality	 data	 were	 acquired	 for	 five	 montane	 species	
(Table	 2).	 These	 include	 three	 plant,	 one	 mammal,	 and	 one	 in‐
sect	 species	whose	 ranges	 are	 predominantly	 at	 higher	 elevations	
(i.e.,	 >1,800	m)	 within	 the	 south‐west	 United	 States	 (i.e.,	 Arizona,	




































































south‐west	 United	 States,	 north‐west	 Mexico	 was	 excluded	 from	














study	 species	across	 the	Madrean	Archipelago	 region,	 they	cannot	
guarantee	a	perfect	correlation	with	each	species’	actual	distribution.	
Our	five	study	species	are	expected	to	have	limited	dispersal	abilities.	
In	plants	(e.g,	Ceanothus fendleri,	Pinus strobiformis,	and	Quercus gam‐
belii),	seeds	disperse	short	distances	as	a	general	rule	(Cain,	Milligan,	












1964).	 The	 species	 composition	 of	 this	montane	 community	 var‐





The MaxenT	 projections	were	 output	with	 a	 logistic	 format,	 which	
uses	a	continuous	scale	ranging	from	0	to	1	to	indicate	the	relative	
probability	that	suitable	environmental	conditions	are	present	for	a	
species	 across	 a	 defined	 geographic	 area	 (see	Figures	 S1.1–S1.5	 in	
Appendix	S1).	We	converted	each	species’	output	projections	to	bi‐


























































































































































































































































































































































































































































































































































































































































































































































































habitat	 patch.	 Statistical	 analyses	 were	 performed	with	rsTuDio v. 
1.1.423	(RStudio	Team,	2016)	and	r	v.	3.4.3	(R	Core	Team,	2017).








of	 the	 present‐day	 landscape	 modelled	 under	 the	 current	 climate,	
as	well	as	 the	 four	predicted	 future	 landscapes	 (at	 the	year	2050	or	
2070)	modelled	by	the	same	climate	model	(CCSM4,	MPI‐ESM‐LR	or	
NorESM1‐M)	under	each	of	the	four	RCPs	(2.6,	4.5,	6.0,	and	8.5).
2.3.2 | Montane habitat patch metrics
We	delineated	the	montane	habitat	patches	across	the	binary	maps	
by	 assigning	 every	 contiguous	 set	 of	 habitat	 cells	 (i.e.,	 sharing	 an	







ijs	 based	on	patch	edge‐to‐edge	distance.	A	patch's	 proximity	 index	
value	is	found	by	dividing	the	area	of	a	second	patch	(patch	j)	by	the	
square	of	the	nearest	edge‐to‐edge	distance	between	the	two	patches	
and	 taking	 the	sum	from	every	comparison	 to	 the	 first	patch	 (patch	







https	://dds.cr.usgs.gov/srtm/versi	on2_1/SRTM3	0/).	 Also,	 to	 ensure	
that	 the	Euclidean	 inter‐patch	distances	were	between	edges	rather	
than	cell	 centres,	we	converted	 the	patches	 (i.e.,	 sets	of	 contiguous	
habitat	cells)	to	polygons.	Additionally,	the	30	arc‐second	DEMs	were	
used	to	derive	the	mean	elevation	of	each	montane	habitat	patch.
Using	 base‐10	 log‐transformed	 proximity	 index	 values,	 we	 per‐
formed	Conover–Iman	pairwise	tests	for	multiple	comparisons	of	mean	









The enMeval	 analyses	evaluated	48	MaxenT	models	 for	each	 spe‐
cies	to	identify	the	optimal	combination	of	feature	classes	and	regu‐
larization	multipliers.	Each	species’	best	species	distribution	model	




leri,	P. strobiformis,	Q. gambelii,	Sciurus aberti,	 and	Synuchus dubius,	
respectively.	 The	 area	 under	 the	 receiver	 operating	 characteristic	
(ROC)	 curve	 (AUC)	 is	 a	 metric	 for	 evaluating	 classification	 accu‐
racy	 in	 species	distribution	models.	The	mean	AUC	values	 for	 the	
best	 models	 were	 0.885	 ±	 0.070,	 0.954	 ±	 0.018,	 0.842	 ±	 0.021,	
0.889	 ±	 0.051,	 and	 0.911	 ±	 0.063	 for	 C. fendleri,	 P. strobiformis,	









3.2 | Total montane habitat area
Estimates	 of	 potential	 montane	 habitat	 loss	 across	 the	Madrean	
Archipelago	region	by	the	year	2050	range	from	nearly	50%	for	C. 





for	Q. gambelii and Synuchus dubius,	and	even	7%	for	C. fendleri and 
P. strobiformis	 (Figures	2	and	3a).	A	similar,	but	more	pronounced,	
trend	of	RCP	8.5	montane	habitat	loss	was	seen	for	the	MPI‐ESM‐
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the	reductions	to	montane	habitat	loss	under	RCP	2.6	were	not	as	
great	as	those	seen	for	the	CCSM4	climate	model.
3.3 | Montane habitat patch surface area, 
perimeter, and perimeter/area ratio
We	were	unable	to	detect	any	statistically	significant	changes	to	the	
mean	surface	area,	perimeter,	or	perimeter/area	ratio	of	the	montane	
habitat	 patches	 between	 the	 current	 and	 future	 landscapes	 for	 any	
of	 the	 species.	This	 result	was	unexpected,	 and	we	provide	 the	 fol‐












3.4 | Montane habitat patch isolation
The	 discrete	 patches	 of	 montane	 habitat	 across	 the	 Madrean	
Archipelago	 region	 are	 expected	 to	 become	 more	 isolated	 by	
the	 year	 2050	 under	 RCP	 8.5	 (Figures	 2	 and	 3b).	 This	 is	 driven	
by	 shrinking	 patch	 sizes.	 However,	 RCP	 2.6	 is	 expected	 to	 pre‐
vent	 this	 trend	 and	 keep	 habitat	 patches	 from	 becoming	 more	








































Ceanothus fendleri Pinus strobiformis
Quercus gambelii Sciurus aberti
Synuchus dubius









3.5 | Montane habitat patch elevation
The	 mean	 elevation	 of	 montane	 habitat	 patches	 across	 the	
Madrean	 Archipelago	 region	 has	 the	 potential	 to	 increase	 any‐
where	from	150	m	for	C. fendleri and Sciurus aberti	to	as	much	as	
300	m	for	P. strobiformis and Q. gambelii by the year 2050 under 
RCP	8.5	(Figure	4).	However,	RCP	2.6	is	expected	to	reduce	the	de‐
gree	to	which	mean	elevations	rise,	and	in	some	instances,	prevent	






In	 this	 study,	we	evaluated	 the	 impact	of	 future	 climate	 change	on	
the	spatial	distribution	of	high‐elevation	montane	habitat	across	the	
Madrean	 Archipelago	 region	 based	 on	 species	 distribution	 model‐
ling	 for	 five	montane	 species	 (C. fendleri,	P. strobiformis,	Q. gambe‐
lii,	Sciurus aberti,	 and	Synuchus dubius).	 The	 species’	 current	 habitat	
distributions	are	composed	of	discrete	patches,	which	highlight	 the	
“stepping	stones”	that	characterize	the	Madrean	Archipelago	region	
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(Figure	2).	Under	a	worst‐case	 future	climate	change	scenario	 (RCP	
8.5),	 these	 “stepping	 stones”	 will	 become	 more	 isolated	 from	 one	
another	(Figure	3b)	as	montane	habitat	shifts	in	elevation	(Figure	4)	




and	 increased	montane	habitat	 patch	 isolation	 across	 the	Madrean	
Archipelago	region	under	a	worst‐case	future	climate	change	scenario.
The	montane	 habitat	 in	 the	Madrean	Archipelago	 region	 con‐
tains	a	unique	community	of	species	(e.g.,	Brusca	et	al.,	2013;	Meyer	
et	al.,	2015;	Whittaker	&	Niering,	1964).	Montane	habitat	loss	and	
the	 increased	 isolation	 of	 montane	 habitat	 patches	 under	 future	
climate	 change	 will	 likely	 threaten	 the	 biological	 diversity	 of	 the	




isolation	 can	 amplify	 the	 trend	 and	 lead	 to	 even	 greater	 declines	
than	would	be	expected	from	pure	habitat	loss	alone	(Andrén,	1994).	







whereby	 allele	 frequencies	 randomly	 fluctuate	 from	 one	 generation	
to	 the	 next	 due	 to	 chance.	 In	 large	 populations,	 these	 fluctuations	
are	mostly	minor;	but	in	small	populations,	they	can	be	so	great	as	to	
cause	the	fixation	or	loss	of	an	allele	(Hedrick,	2011).	Additionally,	the	
deleterious	 effects	 of	 inbreeding	 depression	 on	 population	 fitness	
(Charlesworth	&	Charlesworth,	1987)	can	become	more	likely	in	small	
populations	(Ellstrand	&	Elam,	1993).	The	combined	effects	of	genetic	
drift	 and	 inbreeding	 depression	 can	 ultimately	 reduce	 the	 ability	 of	
small	populations	to	withstand	environmental	change	and	increase	their	
susceptibility	to	extinction	(Frankham,	2005;	Reed	&	Frankham,	2003).
























a	 landscape	 where	 the	 severity	 of	 ecological	 disturbances	 (e.g.,	
droughts,	 insect	 outbreaks,	 and	wildfires)	 is	 expected	 to	 rise	 (Dale	
et	 al.,	 2001).	 Over	 this	 next	 century,	 the	 climate	 of	 the	 Madrean	
Archipelago	region	is	projected	to	shift	towards	greater	aridity	(Seager	
et	 al.,	 2007;	 Seager	&	Vecchi,	 2010)	where	 precipitation	 shortages	
lead	to	a	marked	increase	in	the	number	and	duration	of	extreme	dry	
events	(i.e.,	droughts)	that	are	exacerbated	by	less	snowpack,	warmer	










































Conti,	 Zimmerman,	 Theodoridis,	 &	 Randin,	 2014);	 by	 their	 being	
under‐represented,	we	overestimate	both	the	degree	of	isolation	that	
populations	 in	 the	Madrean	Archipelago	 region	may	 face	and	 their	
extirpation	risk.	Finally,	we	used	“current”	climate	data	representative	
of	the	years	1960–1990,	so	 it	 is	 likely	that	our	estimates	of	habitat	
loss	include	losses	that	have	occurred	prior	to	the	present	day.
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